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CORROSION SCIENCE SECTION

Analytical Solution on the Transient
Corrosion/Precipitation in Non-Isothermal
Liquid Lead Bismuth Eutectic Flow Loops

J. Zhang** and N. Li*

ABSTRACT

INTRODUCTION

Steel corrosion by liquid lead bismuth eutectic (LBE) is one of
the critical problems when using the liquid-metal alloy as a
coolant in advanced nuclear systems. In a non-isothermal
LBE flow loop, the materials corrosion occurs at the hot legs
of the circuit and precipitation occurs at some other cooler
legs due to mass transfer. In the present study, the transient
corrosion and precipitation phenomena in such systems were
investigated. An analytical solution was obtained through
solving the mass-transfer equation in the boundary layer

for the diffusion-limited corrosion process. The temperature-
dependent wall corrosion product concentration was a func-
tion of the stream-wise coordinate. Solutions for different
wall concentration profiles were used to examine the tran-
sient process. The initial and final behaviors of the corro-
sion/precipitation profile are shown for different loop flows.
These results reveal important differences between the initial
and steady-state corrosion/precipitation phenomena, and
how quickly they evolve. This new understanding will help
improve the interpretation of the experimental data and the
rational application of the corrosion test data to experimental
and industrial systems.

KEY WORDS: corrosion rate, flow-induced corrosion, lead-
bismuth eutectic, liquid-metal corrosion, mass transfer
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Lead bismuth eutectic (LBE) has been a primary
candidate material for nuclear coolant and high-
power spallation target in accelerator-driven systems
(ADS) because of its thermal-physical and chemical
properties, such as a low melting point, high thermal
conductivity, low vapor pressure, and lack of violent
reaction with air and water.' However, it is well
known that steels are severely corroded by LBE if
they are exposed to LBE directly. Corrosion of con-
tainment and structural materials presents a critical
challenge in the use of LBE as a nuclear coolant in
ADS and advanced nuclear reactors.”? Knowledge of
the characteristics of the flow-induced and/or en-
hanced corrosion is becoming more and more signifi-
cant in the design and operation of LBE heat-transfer
circuits.

Corrosion in LBE systems is primarily due to the
relatively high solubility of the base and major alloy-
ing components of steels, such as Fe, Ni, Cr, etc., in
liquid lead bismuth. The process depends on many
factors including the flow velocity, the temperature
and thermal gradient, and the compositions of the
liquid and solid materials.? Without some protective
means, the selective dissolution of materials would
destroy the containment structure rapidly. Efforts
have been devoted to find ways to keep the protective
films on the structure to reduce the corrosion rate. It
was reportedly achieved in Russia* through the appli-
cation of an active oxygen control technique. By care-
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fully controlling the oxygen concentration in LBE, it
is possible to maintain an iron and chrome oxide-
based layer on the surface of structure steels, while
keeping lead and bismuth from contamination by
excessive oxidization. The oxide film effectively sepa-
rates the materials from LBE and then the corrosion
rate is significantly reduced. The active control allows
the maintenance and restoration of the protective
oxide films.

For experimental investigation of the corrosion
rates in LBE systems, a large number of closed loop
systems have been set up to study the flow-induced
and/or enhanced corrosion and its mechanism. They
are relatively simple and convenient, and representa-
tive geometry can be tested in a constant environ-
ment for a fixed period.® Experiments have been
carried out with or without oxygen control to study
the corrosion behaviors in LBE flow loops.®® These
experiments, however, do not provide a quantitative
correlation of the corrosion rate to the hydraulic
parameters and the thermal gradient of the loop. In
contrast, many corrosion test experiments have been
performed in aqueous media.'*'? Various correla-
tions'® on corrosion rates for aqueous media have
been developed based on the experimental results
and phenomenological models. These correlations
were used in a previous experiment'® to calculate the
corrosion rate in a liquid-metal environment, and the
calculated values were much larger than the experi-
ment results. The test data for corrosion in LBE flow
loops remain scattered and difficult to use in more
generic systems.

The corrosion product concentrations at the pipe
surface are functions of temperature in LBE flow
loops with or without the oxygen control. It is the
thermal gradient that sustains the corrosion process
in a non-isothermal flow loop. Materials are corroded
at the hot leg transported to some other cooler legs
by the flowing LBE and deposited there.'* The pre-
cipitation of corrosion product at cooler areas of a
flow loop may lead to severe flow restrictions, result-
ing in more deposition there. Except for the impor-
tance of precipitation in a non-isothermal LBE flow
loop, measured deposition rates in LBE systems are
essentially nonexistent as compared to the corrosion
rates. Most test loops generally are not designed to
investigate deposition characteristics. The deposition
of the corrosion product plays important roles in the
entire corrosion/precipitation process. Therefore, the
precipitation behaviors have to be fully understood at
the design stage of practical LBE coolant systems.

Precise simulation of all thermal and hydrody-
namic conditions encountered in practical systems
by laboratory test systems is difficult and expensive,
if not entirely impossible. If the design and operation
of an application system do not properly account for
corrosion based on limited test data, unforeseen
heavy corrosion and precipitation could occur, lead-
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ing to safety problems.'® Therefore, it is essential

to develop an integral model to interpret and apply
the experimental results. In a LBE development pro-
gram, test loops are made of the same class as the
test materials. The up- and downstream effects have
to be considered when analyzing/applying the experi-
mental results. Kinetic models have been developed
for liquid lead flow loops'® and liquid lead bismuth
flow loops.'” Both studies indicate that the corro-
sion/precipitation profile in a non-isothermal liquid-
metal loop depends strongly on the axial temperature
profile.

Mass transfer plays an important role in flow-
induced corrosion, determining the corrosion rate in
the mass-transfer-controlled regime.® Transients and
unsteady states are common and important in many
areas of transport applications. There are many in-
dustrial applications where knowledge of transient
behavior is essential for the design of a control sys-
tem. Soliman and Chambre'® studied the time-depen-
dent Leveque problem and obtained an analytical
solution for the heat flux under a constant wall tem-
perature by using two Laplace transforms. Mahinpey
and Ojha'® experimentally studied the transient mass
transfer in a smooth pipe and obtained the variation
of the mass-transfer coefficient with time.

In the present study, an analytical approach is
provided to investigate the transient corrosion/pre-
cipitation phenomena in LBE flow loop systems. The
boundary condition of the corrosion product concen-
tration is a function of the stream-wise coordinate.

A general solution is obtained by solving the mass-
transfer governing equation in the boundary layer.
Based on the transient analysis, the transient period
of the corrosion in flow loops and the effects of pa-
rameter on the transient process can be determined.
The nonlocal analysis provides the maximal values
and the corresponding locations of the corrosion and
precipitation. The evolution toward steady state also
illustrates the source and significance of the differ-
ences between open pipe flows and closed loop flows.
The methodology of system kinetic modeling and the
implication that local corrosion and precipitation can
be influenced heavily by system conditions are im-
portant for the field of corrosion study.

THEORY

In general, to study the flow-related corrosion,
the following mass-transfer equation is considered:

dc - _ 2
at+(uDD)c— DO “c) (1)

where c (ppm) is the corrosion product concentra-
tion, 4 (m/s) is the velocity vector of the flow field,
D (m?/s) is the mass diffusion coefficient, and t (s) is
time. Conventionally, the mass-transfer process is
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described by dimensionless hydrodynamic and mate-
rial parameters, such as the Reynolds number (Re)
and the Schmidt number (Sc).

The Reynolds number, which determines the flow
field characteristics, is defined as:

Re = — (2)

where U (m/s) is the reference velocity, usually the
bulk velocity for fully developed turbulent flow, d (m)
is the hydraulic diameter, and v (m?/s) is the kine-
matic viscosity of the fluid.

The Schmidt number, which determines the
relationship between the thickness of the hydraulic
laminar sub-layer and the thickness of the mass-
diffusion boundary layer, is defined as:

Sc = (3)

Y
D
The higher the Schmidt number is, the thinner the
mass-transfer boundary layer will be. For sufficiently
high Schmidt numbers, the mass-transfer boundary
is submerged under the hydraulic laminar sublayer.
In the present study, a high Schmidt number
case was considered that corresponded to liquid-
metal media, and the flow was assumed to be fully
developed turbulent flow. Therefore, the variation
of the corrosion product concentration in any cross
section was confined in the thin layer near the wall.*
Within the mass-diffusion boundary layer, the
stream-wise velocity, u, is linearly related to the
transverse coordinate, y (u = yy, where y is the wall
shear stress rate, y = AU?/2v, and A is the fanning
friction factor). From the continuity equation, one
readily sees that the transverse velocity is zero. It
was assumed that the fluid properties did not change
along the loop. With these considerations, the gov-
erning mass-transfer equation in the mass-diffusion
layer can be simplified:

Yo Py T e (4)

002 2c 0
dc dc Dac 0“c

Introducing the following dimensionless variables:

oz 0’

/3
X - _HY -
= on=pf YT Bl )

where L (m) is the loop length. Equation (4) is re-
duced to:

dc dc _ 9% 9%c
+ +

o ﬂa—E—W PaE—g (6)
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where:

_op ?
P=HeH
The initial condition is c =0 fort=0 and n = 0.
The boundary conditions in a flow-induced cor-
rosion problem depend on the flow velocity. At low
velocities, the corrosion rate is completely or partially
mass-transfer-controlled. In such a case, the corro-
sion product concentration at the wall surface
(boundary condition) is at its solubility limit or equi-
librium state. At high velocities, the dissolution reac-
tions (without oxygen control) or reduction reactions
(with oxygen control) at the solid-liquid interface be-
come the limiting step, and the corrosion rate is de-
termined by the reaction rate. Most of the studies
performed in liquid metal have shown that a corro-
sion process is controlled by mass transfer.'® There-
fore, it is reasonable to assume that the corrosion
product concentration at the solid-liquid interface
equals its solubility or equilibrium concentration and
does not vary with time in the LBE flow loop. For the
dissolution process, the surface concentrations are
equal to their saturated concentrations:?’

log(c) = log(c,) = A, +% (8)

where T is the absolute temperature in Kelvin and c,
is the solubility concentration in ppm. The values of
parameters A, and B, vary among species, and some
of them for common components in steels and oxy-
gen can be found elsewhere.?! In the reduction pro-
cess, the protective MOy-based film can be reduced
by Pb and the equilibrium concentration of M is:

log(c.,) = Ay - %— Blog(c,) (9)

where c, is the oxygen concentration in LBE; ¢, is
the equilibrium concentration of species M; A, and
B, vary for species and can be calculated through
analyzing the oxygen thermodynamic activity in
LBE,?' for example, for iron (main corrosion product),
A,=11.35, B, = 12,844, and f = 4/3.

There is a critical oxygen level in LBE, below
which no continuous iron oxide-based film can exist
and the Fe concentration at the surface is given by
Equation (8). Above that oxygen level, a continuous
iron oxide film can form and the Fe concentration is
given by Equation (9). It is not clear how these two
regions connect to each other. He, et al.,*” assumes
that the species concentration at surfaces is given by
the minimum of the saturation concentration and the
chemical equilibrium concentration. That is:
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Cy = min[cs,ceq] (10)

Therefore, the corrosion product concentration
(mainly iron) at the pipe surface is a function of tem-
perature in LBE flow loops with or without the oxy-
gen control. In a non-isothermal flow loop, it is a
function of the stream-wise coordinate and the
boundary conditions for Equation (6) can be written
as follows:

c=cy(§) foralltandn = O,

and c is finite for all Tand n - . (11)

Considering a closed loop flow, the surface concen-
tration can be expressed as a periodic function.
Hence, it can be written in the following Fourier
series:

Cly0= cy(€) = Y 2,40 <& <1) (12)
k

ANALYTICAL SOLUTION

To solve the present problem, the concentration
is expanded in a Fourier series:

c(t,n.8) = ng(m Jekm (13)

Each Y,(t,n) satisfies the following ordinary differen-
tial equation (ODE):

w +2ikmny, (t,n) =
T
2
W— 41°K*pYy (T 1) e
n

The initial condition and boundary condition are
Y, (0,n > 0) =0, Y (t.,n =0) = a, and Y, (t,n - o) is
finite.

Applying the Laplace transform with respect to
the variable t1:

L[Y, (t.n)] = Yy (s.n) (15)

we obtain:

Y, (s, n) + 21kmnY, (s, n) =

9 Yk(S n

o — 4T2K2pY, (s, 1) (16)

with boundary conditions ?k(s,O) =a,/s and ?k(s,r] =
) is finite. We then obtain:
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Yols.n) = a?OeXp(—«En) (17)
and:
- a
Y, (s, k
kSN = Gk 7 (s + 4 1R2p)] (18)
Ai[(2ikm)2/3(s + 4 T8k2p + 2ik Ui
where Ai is the Airy Function:
Aix) =377y L sin2 /3 +1ym
n=0 n!
- (19)
% 2/3-2/3672q4(31/3 )
The inverse Laplace transformation for k = O is:
_ n
Y,(1,n) = a, - a,Erf(—=)
0 n (0] 2«/? (20]
where Erf is the Error Function:
Erf(x) = —= (Fed
X)=—[ e’ dz
Nl (21)

For k > 0O, according to the invert method given else-
where,'® for n << 1, we get:

a, Ail(2ikm) /34 Pk>p + 2ik T
Ai[(2ikm) /34 2k p]
Ail(2ikn) (s, +410k°p +2ik Tl 6.1 (22)
¥ %o s, 21k 2B Ai'(2ik 23 (s, + 4 Tk2p)] PlSn

Yi(tn) =

+ a

where s, = —(21ki)*®c, — 4T°k*p and -c, are the zeros
of the Airy Function.”® For k < 0, since the concentra-
tion is real:

Yio(t,n) =?|k|(T,r]) (23)

the bar represents the conjugate term. Taking into
account that Ai(x) oscillates with x when Real(x) < O
and the boundary condition that the concentration is
finite when n - o, it requires i’/® = v3/2 + i/2 and
i#%=1/2 +V3i/2.

The mass flux (corrosion or precipitation) in the
transform domain is defined by:

/3
dc OyD?2 o
=—D—|_,=- X
1T Py T HL R
oY, (24)
+ —ex (21kEn]|]
|:|0r] kgo an P ln =
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where:
Y, __ 8
an =0 (1102 (25)
and:
I, Y. 2
0Y;50(T,N) |f1:0: (2ikm)"/3 akA.l [[.211(7;2/3 4T?;§ pl +
an Ai[(2ikm) /34 12k2p]
1 (26)
2ikm)/3 S T
ik a2 s, (2ikm) 23 exP(SaT)
Y, o(t,n),  _ 9Yy(t.n)
kj;’n lh=0= '*gn lh=o0 (27)
The steady state solution is:
Cys = 11rf1mc = % ®, exp(2kmi ) (28)
/3
Qs = limq =—DVE—D2 J > Wi exp(2kmi§) (29)
T 00 L H k
where:
By =ag, Pro :aﬂkp By =
a Ail(2ikm) /3 (4 2k?p + 2ik T (30)
Ail(2ikm) /34 12k?p]
and:

W =0, = qfkp Yoo =
(Al'[(2ikm) /%4 Pk p] (31)
Ai[(2ikm) /34 12k>p]

(2ikm/3 2

Thus, the analytical solution is completed for the
transient and steady state of the corrosion product
concentration and the corrosion/precipitation rate
for a turbulent closed loop flow. It should be pointed
out that the solution of the corrosion product con-
centration is only valid near the pipe surface. When
q > O, the corrosion product flux is from the pipe
wall to the fluid, corresponding to corrosion. When
q < O, the mass flux is from the bulk fluid to the
wall, corresponding to precipitation. For highly
turbulent flow, the axial diffusion term is negligible
(p - O, see Discussion). We then get the solution
that is identical to the steady-state solution obtained
elsewhere'” in which the axial diffusion term is
neglected.

The present solution was obtained based on the
assumption that the stream-wise velocity, u, is lin-

CORROSION—Vol. 60, No. 4

Corrosion Rate
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FIGURE 1. Corrosion rate for an isothermal loop flow vs time. The

corrosion rate is scaled as /¢ vD.

early related to the transverse coordinate near the
vessel wall. For the fully developed laminar flow,
the assumption is still reasonable under Leveque
assumption.?

ANALYSIS RESULTS

Loop with Constant Wall Surface Concentration
This case corresponds to an isothermal loop
flow. Under the constant temperature, the wall corro-
sion product concentration stays constant along the
loop axis, i.e., ¢, = C, where ¢ is constant. The corro-
sion product concentration and the corrosion rate for

this case are:

c__ [l: B gy O
z 1 Erf%H 1 Eﬁ%% (32)

q_oord” 1
c

_ _|D
_E L E (.'.[.[)1/2 _\/; (33)

Equations (32) and (33) indicate that the concentra-
tion profile and the corrosion rate for isothermal loop
flow are independent of the hydraulic factors, such
as the flow velocity, the hydraulic diameter, and the
loop length. The solution is similar to 1-D diffusion
problems. When t - o, the concentration approaches
a uniform distribution, c = ¢, and the mass flux of
the corrosion product stops because there is no con-
centration gradient between wall and the bulk fluid.
For an isothermal loop flow, although corrosion may
proceed initially if there is a concentration difference
between the wall surface and the bulk fluid, it will
eventually stop once the solution becomes saturated
with the corrosion product (Figure 1).
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Loop with Sinusoidal Concentration Profile

To determine the corrosion/precipitation profile
in a non-isothermal flow loop, the surface concentra-
tion must be specified. One of the simplest functional
forms is the sinusoidal concentration profile. Sup-
pose that the surface concentration has the following
distribution:

w = Cll +ocos(2mx / L)] (34)
where ¢ is constant and 20 is the concentration

oscillation. For this idealized surface concentration
profile, the concentration distribution is:

oo

On O .
=1- Erf%5+ Y, exp(2mié) +Y, exp(-2Ti § (35)
where:

1 DAl[(zln 2/3(4 1Ep + 2i )
2° D Ai[(2im)*/3 4 12p]

Y, (t,n) =

Ai[(2im)/3(s,, + 4 T8p +2i T expls T)D (36)
&5 @i P ArRin (s, +atp)] P

and the corrosion rate can be written as:

p20°0 1

& A
¢ HLH B'(T[T]l/2 on ln=o €XP(2i&m) +
37
o |n:0 eXp(—ZiEn)E (37)
6r] O
where:
()Y](T.r]) s Air[(ZiT[)—z/34TEp]
on h=0= 2 0@2 iy Ail(2im) >%4 12p]
(38)

21T[z —exp(s T]|:|

n>0 Sn

The corrosion/precipitation rate profile developing
with time along the loop is shown in Figure 2. There
are several notable features. At early times, there is
no precipitation anywhere in the flow loop. The high-
est/lowest corrosion occurs at the place where the
surface concentration is maximal/minimal. As time
increases, the highest/lowest corrosion rate de-
creases and their locations moves in the opposite di-
rection of the stream-wise flow. Precipitation first
occurs at the position before the location of the mini-
mal surface concentration and spreads upstream un-
til the process reaches the steady state. At the steady
state, the highest corrosion/precipitation rate does
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not occur at the highest/lowest surface concentra-
tion. Instead, there is a phase shift between the loca-
tion of the highest corrosion/precipitation and that
of the highest/lowest surface concentration. The
phase decreases while the nondimensional highest
corrosion/precipitation rate increases as the axial
diffusion effect increases.

For the high Reynolds numbers, the parameter,
P, approaches zero and the axial diffusion term in
the mass-transfer equation (Equation [6]) can be ne-
glected (see Discussion). Then, from Equation (37),
for the sinusoidal surface concentration profile we
obtain:

hrnqss— E—E CS(:(ZTII/3

AILO] cos[2(mé+ 11/ 12)]

where Ai'(0) = —-0.2588 and Ai(0) = 0.3550. It indi-
cates the phase shift between the location of the
highest corrosion/precipitation, and that of the high-
est/lowest surface concentration approaches one-
twelfth of the loop length with the Reynolds number
increasing. Although this phase shift value is not
generally applicable for all surface concentration pro-
files, it shows that the corrosion/precipitation rate
profile depends only on the surface concentration
profile for high Reynolds numbers at steady state.
Increasing the Reynolds number only results in
higher corrosion and higher precipitation, while the
shape of the corrosion/precipitation distribution
does not change.

For closed loop flow systems, the total amount of
corrosion equals the total amount of precipitation at
steady state because the fluid cannot be replenished;
that is, the average corrosion rate is zero at the
steady state. Figure 3 shows the change of the aver-
age corrosion rate with time. The average corrosion
rate decreases rapidly at the beginning and gradually
vanishes as the dimensionless time increases. This
function is independent of the axial diffusion term.
Judging from the definition of the dimensionless
time, increasing the flow velocity reduces the actual
transient time, while increasing the loop length in-
creases it.

Materials Test Loop

The materials test loop (MTL) is a non-isothermal
closed loop and is used to study the corrosion of vari-
ous materials in flowing LBE in the Los Alamos Na-
tional Laboratory (LANL). It uses a recuperator, a
heater, and a heat exchanger to set and control the
temperature profile. LBE comes out of the pump at a
low temperature, passes through the recuperator
shell side and the heater, and reaches the highest
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FIGURE 2. Transient corrosion/precipitation rate distribution for sinusoidal surface concentration for different dimensionless
time. The rate is scaled as q(yD%L)™%c. o = 0.5, dashed line p = 0.03, and solid line p = 10™. (a) 7= 0.1; (b) T = 0.8;

(c) T=10; (d) T = 10°

temperature at the test section. On the return path,
the temperature decreases through the recuperator
tube side and the heat exchanger, and reaches the
lowest temperature. A temperature profile is shown
in Figure 4.

In the oxygen-controlled MTL loop, it is assumed
that the protective oxide-layer (Fe;O,) is formed and
the oxygen concentration in LBE is controlled to be a
constant value through the oxygen control facility.
Equation (10) is used to calculate the iron surface
concentration.

The loop length, L, is 30.0 m and the vessel in-
ner diameter, d, is 0.0525 m. The LBE flow velocity,
U, is 0.5 m/s. The kinematic viscosity (v) of the LBE
and the diffusion coefficient of iron into LBE (D) are

CORROSION—Vol. 60, No. 4

functions of the temperature. In the present model,

it is assumed to be a constant and we estimate
v=15x 107" m?/s and D = 10”®° m?/s.?*> The following
was obtained: y = 3427.4 s, p = 4.7 x 10", where
the Blasius Equation'® is used to calculate the fric-
tion factor A(A = 0.046Re™%9).

The transient corrosion/precipitation rates for
the loop at different times from the present model are
shown in Figure 5. At the beginning, corrosion (posi-
tive value of the flux) occurs everywhere in the loop.
As time goes by, the corrosion rate in the maximal
temperature section decreases. Precipitation (nega-
tive value of the flux) does not appear first at the
lowest temperature section. Instead, it occurs at a
location shortly downstream from the maximal tem-

337



CORROSION SCIENCE SECTION

Dimensionless Average Corrosion Rate
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FIGURE 3. Dimensionless average corrosion rate for a sinusoidal
surface concentration with the dimensionless time. The rate is scaling
as q(yD¥L)**/c.
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FIGURE 5. Transient Fe corrosion/precipitation rate distribution for
MTL. T, = 450°C, Ty = 550°C, Ty, = 350°C, ¢, = 0.01 ppm.

perature section. The distribution quickly evolves
toward the steady state. At the steady state, the
highest corrosion occurs at the end of the heater
zone where the temperature first reaches the maxi-
mum. The corrosion rate then steadily decreases in
the maximal temperature section, clearly demon-
strating the “downstream” effects from some earlier
corrosion tests. The highest precipitation occurs at
the return side of the recuperator where the tem-
perature is in the intermediate range, rather than at
the end of the heat exchanger where the temperature
is at the lowest. This shows that the corrosion/pre-
cipitation distribution depends strongly on the global
temperature distribution.

The corrosion/precipitation distribution in the
test loop can be best understood from the concentra-
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FIGURE 4. Temperature profile of the LBE test loop (MTL). Ty
maximal temperature; T,;,: minimal temperature; T, intermediate
temperature.

tion distribution near the pipe walls. Figure 6 shows
the development of Fe concentration distribution in
the near-wall region with time. Initially, the Fe con-
centration in the bulk fluid is zero, and there is a
negative concentration gradient between the bulk
fluid and the interface at the vessel wall. Therefore,
corrosion occurs everywhere in the loop. As time goes
by, the corrosion product diffuses into the bulk fluid
and the Fe concentration in the bulk fluid increases
and reaches the steady-state value. The average
value of the bulk concentration equals the average of
the pipe surface concentration (for the present case,
it is 0.00675 ppm). The thickness of the mass-trans-
fer boundary layer where the concentration changes
sharply is about 0.25 mm. In the bulk fluid, the Fe
concentration is quite uniform.

The variation of the transient average corrosion
rate in the highest temperature section for different
temperature gradients between the highest and the
lowest temperatures is shown in Figure 7. The tran-
sient corrosion rate decreases rapidly at the early
times, slows after about 10 s, and nearly reaches the
steady-state value after about 200 s. This time is
short enough to be neglected in long-term applica-
tions for the LBE system. The temperature gradient
has little effect on the transient time, while it signifi-
cantly affects the steady-state corrosion rate. The
corrosion rate increases with increasing temperature
gradient. Again, this demonstrates that the corrosion
rate at a constant temperature section in a non-
isothermal system depends on both the local and
global conditions.
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FIGURE 6. Transient Fe concentration profile for MTL. T, = 450°C, Ty.x = 550°C, T\, = 350°C, ¢, = 0.01 ppm. (&) t=8.9s

and (b) t =119 h.

In an oxygen-controlled LBE system, the surface
Fe concentration is a function of the oxygen concen-
tration in LBE. The corrosion can proceed via disso-
lution at very low oxygen concentrations, and
through surface oxidation and reduction of surface
oxides at higher oxygen concentrations. The effects of
oxygen concentration on the transient corrosion rate
are shown in Figure 8. The corrosion rate decreases
as the oxygen concentration in LBE is increased.
The transient profile of the average corrosion rate
changes little with the oxygen concentration.

DISCUSSION

A general solution for the transient corrosion
process in loop systems has been obtained under the
assumptions that the stream-wise velocity is linearly
related to the transverse coordinate in the concentra-
tion boundary layer, and that there is no internal
source or sink of corrosion product. The solution
takes into account both the transverse and axial dif-
fusion terms. However, by analyzing the solution for
a test loop, the axial diffusion term (the second term
on the right-hand side of Equation [6]) was found to
be small enough to be neglected. The coefficient of
the axial diffusion term, p, can be rewritten as:

/3
uD 1.2 o0
p= EyL_QE =12.4Re 12 8¢ %57(d / L)*/3 (40)

For the present solution, the Schmidt number Sc >> 1,
and in most engineering applications, the flow is
highly turbulent, Re >> 1, and the hydraulic diam-
eter, d, is much smaller than the loop length, L (i.e.,
d/L << 1). Therefore, p << 1 and the axial diffusion
term can be neglected. The corrosion flux is reduced to:

/3
q = 0.2844 Re®" SCI/B%Q Do
d Hmny

> Wlp :O]GXP(ZT'kia"'ZHk(T]GXpQleiE)E (41)
k K
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FIGURE 9. Relative contribution to the average transient corrosion
rate for MTL at the test section. T,,, = 450°C, Ty = 550°C, Tyin =
350°C, ¢, = 0.01 ppm.

where:

W(p =0) =0, %.,o(p =0) =(27ki)"3a,

Ai'(0) _
Ai(0) TP =0) = Hy(p =0) (42)
and:

Hy(1) =0, Hy,o(1) = (2T[k1)1/33 z C—
n>0
(43)

expl-(2kmi)*3c, 1, H, (1) = I_IIkI(T)

Equation (41) indicates that the kinetic corrosion/
precipitation rate in a non-isothermal closed loop
flow system scales as Sc'/® and is the same as in
open pipe flow with high Schmidt numbers. The
dependence on the Reynolds number is Re®® and is
smaller than that of a pipe flow.'® Increasing the flow
velocity results in higher local corrosion/precipita-
tion rates, while increasing the loop length reduces
the local corrosion/precipitation rate.

If the corrosion/precipitation rate scales
a,Re’®Sc'/® (d/L)"/® D/d, Equation (41) shows that the
nondimensional corrosion/precipitation rate is inde-
pendent of the hydraulic factors for high Reynolds
numbers. For a specified dimensionless time, 1, the
corrosion/precipitation profile is determined only by
the surface temperature profile or the resultant cor-
rosion product concentration profile.

Equation (41) indicates that the transient corro-
sion/precipitation rate consists of three terms—
the transient term related to the average surface
concentration:
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OyD? DV3

E_H

1 D
1/2 49 =349 o (44)

the steady-state term only dependent on the surface
concentration profile:

2 /3

D
4e =7 g gl-le(p = 0)exp(2mkig) (45)

and the transient term related to the surface concen-
tration profile:

k(1) exp(21kié) (46)

DyD‘
“HL H 2

The first term is independent of the hydraulic param-
eters and can be seen as the solution of the 1-D dif-
fusion problem. To find out the relative importance
of the three terms on the transient process, three
curves are shown in Figure 9. It is clear that the term
q., tends to zero at large times and it is important at
early times. At later times, the transient characteris-
tics are dominated by the q,, term, which is indepen-
dent of the flow velocity. It may be noted that the
transient corrosion approaches the steady state after
the dimensionless time exceeds one.

The solution of the corrosion product concentra-
tion is only valid in the sub-laminar layer; that is,
n << 1. However, using the solution, a constant bulk
concentration was predicted that equals the average
surface concentration (Figure 6). In fact, the bulk
concentration can be obtained through solving the
mass-transfer equation in the bulk flow. Neglecting
the diffusion terms, Zhang and Li gave a solution of
the bulk concentration at steady state as:*

4 (2r?D?y)V/3

(@) =20+ T 3B a1/ 3) 2

Y By exp(21ki§ (47)

where B, = 0, B, = W and B,_, = B),,. Equation
(47) shows that average bulk concentration is a,,
which is exactly the same as the value obtained from
the solution in the sub-laminar layer when n - oo.
The bulk concentration varies around the average
value along the axis of the loop, but the variation is
small enough to be neglected.” In a practical LBE
loop, it is reasonable to assume the bulk concentra-
tion is constant over the entire loop.

The present solution is valid for the cases in
which the concentration boundary layer is sub-
merged in the hydraulic boundary layer (i.e., for high
Schmidt number situations such as corrosion in
flowing liquid-metal systems). This condition will
change for other fluids and more sophisticated mod-
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els are necessary for analyzing corrosion/precipita-
tion in those systems. When there are chemical reac-
tions between the corrosion product and the media
in the bulk fluid, the mass-transport equation must
be expanded to include the additional species and
reaction kinetics. We will investigate this in the near
future.

CONCLUSIONS

O In the present study, a kinetic corrosion model
was developed to study the transient corrosion/
precipitation phenomena in closed flow loops with
high Schmidt numbers. The model is based on solv-
ing the mass-transfer equation in the mass-transfer
boundary layer.

0 The transient corrosion/precipitation distribution
depends on both local and global conditions. Corro-
sion occurs everywhere in the loop at the beginning
and precipitation appears at some locations in later
times. At the steady state, the highest corrosion/
precipitation does not occur at the location with the
highest/lowest temperature (or surface corrosion
product concentration), and the corrosion product
concentration in the bulk flow is almost uniform, and
the average value equals the average value of that of
the surface concentration. The axial diffusion contri-
bution can be neglected for high Reynolds numbers,
and the corresponding corrosion/precipitation distri-
bution profile is independent of the flow velocity and
is determined by the temperature (surface concentra-
tion) profile. The transient term related to the global
concentration profile plays an important role at the
early times, while the transient term related to the
mean surface concentration dominates the transient
process at later times.

O For the materials test loop, the corrosion rate at
the maximal temperature section (the primary test
section) decreases rapidly in time and reaches the
steady-state value after about 200 s. This time is
independent of the temperature gradient and the
oxygen concentration in LBE. The decrease is more
significant further down the stream, calling attention
to the need to record the test locations and properly
interpret the test results. The corrosion rate in-
creases with the increasing temperature gradient and

th

e decreasing oxygen concentration. This model pro-

vides a location-resolved corrosion/precipitation rate

th

at cannot be obtained easily from the conventional

local mass-transfer models, and clearly illustrate the

SO

urce of the differences between open pipe flows

and closed loop flows.
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